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2.3.1. A¥x= A

RERE dolEt Avht WA QEA AWsks AXolth AR, H2, Wel,
EEAR F& AR ASAY o= AwHom gol 5% dolHst WA
REH glor], grol R25B dolest 2Us R Yt AL ovad

Range(X) = ¥ %] = max(X) — min(X) (2)
Var(X) = 52 = z[x — avg(N)]? (3)
oy = X\ = JVar(X) 4)

AR (Quartile) = 271 & 7oz Y3 2855 Y &3t #5 #tolth

e Ql=1AE9Y4% = 25 percentile = Lower quartile

o Q2=2AHE9YS =50 percentile = =¢3H(Median)
e Q3 =3AMHEY % = 75 percentile = Upper quartile

e Q4 =4AE9Y<S =100 percentile

IQR
QI - 1.5IQR Q1 Q3 Q- 1.5I0R
-2.6980 -0.67456 0.6745¢0 -2.6980
04 — : —
0.3 -
0.2 -
0.1 H i B
_— 24 65% B ~—
0 L | [ | HE | | B S

-4 3 2 -1 0 1 2 3 4

Standard Deviation (o)

Y 27, AR B4 )



Y 2-8. ThEE REIAY ARAS 48 o)A

AHEH Q] (Interquartile range, IQR)E AA 289 50%= X st HolH,
APRASTE o] &3t xHALS (5)E AHoHAr,

IQR = 03 — 01, (5)

dolele] F4gt(Medan)S 71Fo g2 o AEZ Yehfe Axold,
sl o JFe A d wopa kg =
ZHA AL ok o] dA ®A, ElelH X stef, dwlely A, $A F& S

w4 7lEel del &8HT(6].

Tukey Fence Ql Median Q3 Tukey Fence
Q1 - 1.51IQR Q3+ 1.51IQR
v v
________________________________ ™
A

| I Tukey’s Outlier
IQR

13 2-9. Tukey Fences ©]4% ¥4 /d =

AHER RIS 7IHtem o FAE SAdes WS tE4o® Tukey Fences 7}F
Attt Tukey Fences WHolAE 13 2-9 ¢ o] dlo]H7} “Q1—1.5%xIQR”l
s ALY, “Q3 + 1.5 x IQR”& Z¥shd o] dA = Ao r[6].

232. A5 ¥z 9 Bx

W2 (Modulation) % ¥Z(Demodulation)s T4 A|~HoA AHz o=
284S HAAsetrl f8l AMEEHe= 7wt WX 5
A7) AEE A7 WF AR ¥dele AAon, Hxe uF AsE dH9
A7) AR HEYe FAHo Y. F8o ®Wx WHd e XE%E Wz WA (Amplitude

Modulation, AM)3} S+ WM Z ¥4 (Frequency Modulation, FM)e] 1t}



y(@) = [1+m(®)]c(®), (6)

714 e Aol A5, mHe Hx
Ae xe Fuge AEE Wz AE
H

Z Az e Z7)e vlEste] F397}F

Modulation signal

05 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400 450 500

Carrier Signal
o

0 50 100 150 200 250 300 350 400 450 500

AM signal
o

0 50 100 150 200 250 300 350 400 450 500

I8 2-10. AM 215 W2 oA

a9 2-10 M AM AE WEO] oE FA = ok Bx g wzsh w
#AZ Agsel Ade Wy NET BAP oled Wk ¥ Bx JEe Tz
orle B4 BA AxH P EEYS AL U FL 4L dugn

2.4. 984

H&#d(Deep Learning) <& A7 W (Artificial Neural Networks)S 7]HFo
= 7]4 <4 (Machine Learning)®] @+ Hofoltt, & dHolEAlo|A] Est el
37l Adl odY Aoz FAE AAWS ARESH oyt AT e Bd
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2 AF A= DeconvNet, YW LSTM & 283 g5 =24, ol &/,
H T AT H¥4d 7S Vsl SE¥WE dE9x As AE

2.4.1. DeconvNet

DeconvNet(Deconvolutional Network)< Convolution network 2} Deconvolution
network, T+ WEZ} @ oz FAdE o] Jqup[7]. 7|2 FCN 7|Qke] = dlo] 713
sHAIE JiAdsk7] s AlQbE AT

224%224

X2 convolution network

5656
28x28

14x14 %7 7x7

1x1 1x1
[

Max
pooling Unpooling

Unpaogling

_____‘_gnpum\mg

lax
ax pooling
ax pooling emmemenenen
ax Doulmgr_’ Unpooling
pooling ...--*"

~npocling

~
3 2-11. DeconvNet 29 %
=7 (714 A
VGG16 MODEL
ARCHITECTURE
®
= Tzl gl |El2]|F(3|3 2/|5|2|2|2||lw ww e
Eq>>.a>>_u>>>_u>>>:>>>.azzzq
5 Z2|lz/o||2|2|0(|l2|2|2|0||2|2|2|0||2|2|2 |0 ||l W W
= O|lof(o(|[o|0o|0||([Q|O|OC(O||[C|lC|O|OC (/IO |0 |O | FalEale
Ol ([l | a||lo|o|le | lo|le|lo|x|((|laclao|o|a
=== Ox1000
L - JL
CONVOLUTIONAL FULLY-CONNECTED OUTPUT
LAYERS LAYERS LAYER

a9 2-12. VGG-16 29 %
=7 [8]ellA 4]

Convolution network & Y& dHolgHEXFE EA F&H& 4339, FCNFully
Convolutional Networks)2.@Z FA4®H VGG-16 E@o|A wlxut Classification
layer & A A%t & e o]t} Deconvolution network & Convolution ©] FZ3+F 53 ol A
MA B34S 3511, Deconvolution ¥ Unpooling, 574 Aoz LA FH T}
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map
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18 2-12. Unpooling, Deconvolution <4 FA =
EA 1 [7]1A A

a9 2-13 94 3<elg 4 915=09] Deconvolution & Transposed convolution A4S
33}, Unpooling 2 Pooling ¢ ¥llEH = A4S 33t} Pooling 37 ol A
A Fts 7] =87l Unpooling #7404 AH Hde A-&gth o d A4S
3 ZHojxl UES I e HH E48 HASE ¢

719 FCN 7|9k 24de Convolution ¥ Pooling & E3l4 EAS F=sFA0t
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ol AYF7] Y3 DeconvNet =F@L  Convolution network o o]
Deconvolution % Unpooling < 433} Deconvolution network T-%& F7}
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gusd SAYe) AYEE Beldus w9,

2.4.2. ¥4 LSTM

oFuFsl [ STM(Bidirectional Long Short—Term Memory) & A|AY dlo]g = g9
a4 Hed Ed S otk dnbAQl LSTM 2dEe ™, &9, 24
AIEE T3l A== dd Ao AAE Jide] F7bd o=, #HA9 HHE
719g 7 J=F AAEHAY. SR 48 HolHE sxH 0w AHshr]d ohEk
HES ZIRtegERE EHo] ALkEE SHATE Atk oldst FAIE st HEl
Atd e LSTM 2 F719 7IE LSTM oP|9AHE A2 d4dste] A&
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Y 3-1 AY AFA AZo] W HEG vhe, FA @AFE F0Y A5

S-S wolth s NEE A 98 WA W AES gYsel gk wx

AEAA B, A AGE dAR 2] AE 5FL AW WE ABE 4YT
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ALk ol Wx s A A" 7 A4 oA Tukey AAAE
S Al (0)3A e A7 SRS gRd Aoz BRsta 2a W
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d="7+1577 0<p <1, (8)

AAY A4 FEAAY Tukey 715 Q3+ 1.5(Q3—Q1) <
= AEe AES 7
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0.8 1 \01: 1st quartile = In(4/3)/B
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ggslg o (10)o= Aodr)

' < .
s(t) = {(1 + km_)cy, 0<k, 0.< i<t<i+d, (10)
Ct, otherwise,

oA7INA c= ME] AT, mS HME AT, kv HE IE IE de HE 2359

Aol(WZ ), iv ¥4382x 2 AAS 7HYg. Hx s me& 82 Hx As

A S (1S 53] 0<a<1, 0<B<1 WF WY oA thekstA A EH,

Aol AZ ¢ u=0, o=1, AFEEL FEUEFSE (9 B F29) HE=
PR Eiacs

(1, 0<kO<i<t<i+d,
y(@©) = {0, otherwise, (11)
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i t: i i3
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output: output:
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BatchNormalization (None, 10000, 64) | (None, 10000, 64) Dropout (None, 10000, 64)
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Zdol= 2 Binary Cross Entropy <4 g (12)& S3l Loss & A4sta, Adam
HAs) s (13)S Agdl el 7taxE HASe e 35S APt
BCE(§,y) = —[ylog(®) + (1 —y) log(1 = )] (12)
a o~
Orr1 = 0, - M (13)
Jo + ¢
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1e6
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gD U | ) = | L
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time (us) 1e6 time (us) le6

time (ps)

Predicti
o
@
3

3 3-10. A= dolge g~ A Ax

sty gdelyd Bdo A% 7S 9él Precision, Recall, F1-Score 59 A%
AE7F LE&H AT
Precision = % (14)
Recall = % (15)
F1 Score — 2(Recall X Precision) (16)

Recall + Precision

o] 7)ol 4] TP(True Positive
FN (False Negative)2 4o

— ~—

| 3 SN
FP (False Positive)s= Xxo]ZE wo]|z2a 2ulE/A EHF3F AzF <dAg

kAl
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3.4. AA F+ZE HA 84 HU}

Aerd Held 7wk $3EE dd2 AT HE: e AAl FxE AdA a9
A8 7heAde WrEesl o5 fd, AAl wjdelN wAE= SFWE AEE
T8k, dgd dHed REs ol8d dds AEE ASesid AEed daEs
i HAR el =]istel 7€ AHE W wlusta, HAA e 284E

HESAH
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(~]
%
=1
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Y

Pressure
meter

9,

flow flange ’ r‘ flange

AE sensor

|lh CH1

AE sensor

CH2 Leak

13 3-13. A g v HAEHE=E =9

¥ 3-3 2o ALgH HAEHE= w/pAS

No | 7] ¥ 5 A/ B
1 AE A 1 914 2600 mm
2 AE A4 2 99X 100 mm
3 T 914 900 mm




4 v 7 6.02 mm

5 g 27 114.3 mm

6 w3 A2 Stainless steel 304
7 doly 3 ME%S 1,000,000 Hz

B d Axt:= ¥ 3-14 ¢ o] 23 ATt Analog-to-digital(ADC)
3k REd doly 7F ZRIaRS ARgste] dlolHE st Agste A
ot

1A S3EE AXE Ta FNE des ofd=E A= W
2 oldmI AT E ADC HE RES B3 gAY Alse Wy
3 @A ADC-PC &2 JdHHo]~E F3all 3 dolg 4l

4 A dolg 75 ZR2aRS Fd 3 uvlelHE A A A A%

Interface
module

LR Y

AE Analog-to-digital
sensors converter

Computer Storage

Y 3-14. dlolE] £ A2 FAE

P2

(o))
o

=== Activated leak

=== Deactivated leak| |

— <— Pump off
J

/ Pump on
0 1 1 1
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

sample

13 3-15. HAEHE doly 43 Azt

dole +4e 918l AHsE 2@y

R [}

= AlA = MITRAS Aboll A A4kdl R151-AST
@ E AlAolt. ADC wWé

S NI(National Instruments) A}olA]

kdie mE

AakEl NI-9223 EEg ARgsigion, F 14 W& A4 wa(USB)E E3l
Falo] 7hedt 22EF 9 QIHACIAE WAstaL vk FFWE M= & 3-3
BAE el whet sk iAol elolgsto] iyt EHel sk Al o
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HjZ xWe] AE5S 717 AE 5 AL A ARSIt ol 3-8 A] NI
Al A Al F8k= Python QI #Ho]x glolBejg|sl & Al AE3 doly 7=
A ES O E AE-SFII T

dlolE]= 7] oF 26°C, =9t 7 bar, 13 bar, 18 bar €] o] 7oA 47 ¥t}
a3 3-15 & ©°]|E Py(7 bar), Po(13 bar), P3(18 bar)o.® HE&sle] =3 HAE
7158 agjzolty, X E G HAEWE wj#e] 4Es P A Fojgd H,
4 74 54 A7]1(#E 37] 0.3mm, 0.5mm, 1mm, 2mm)el] sl 1MHz MEZHE=E

w5 ZIFEth. Y HAHE Py, Ps Aol BAOAE FAAHOR A L5
telHE 3kl

SR8 AA delHEYE QHs A5 pAgen doBud: Ae
dusoR we A} wge]l 7wy wiel, 9Ex P A¥e AfHom
A7lsE Aol olgith ojd] wel, B aATeld Altel Held Jw dHs A%
293 TB Quy o o8 AA® ABM /v H3d 9@ 4% 2d[4]e 44
Argste] QdEa ANEE AZeAnh. 1ela, ABM W Wil #8w vE 9%
24 el]e F 4% Aol FUsl A8skel 97 24 4%E F@ QUs
A% A%e pEdom wusgth oF Ba wiw s e $§ 7)ol
=2}

1
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oI i 1mm_Water_7Bar
800mm %0
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0
0 500 1000 1500 2000 2500

0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
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@] 1 T 7 T
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Ke) 150
.C » 125
+—
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©
= 7
[V}
O 20 50
et
> 10 25
]
wv o 0 o 0
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10 50
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¥ 3-4 75 94 34 2% vaE
Method
ABM Proposed
Dataset F1Py 800; 4 800; 4
FaoP1 850; 2 900; 0
F3P1 900; 0 800; 4
F4P: 950; 2 750; 6
FiPs 800; 4 950; 2
FaPs 800; 4 800; 4
F3Ps 850; 2 950; 2
F4P» 800; 4 800; 4
F1Ps3 850; 2 1100; 8
FaPs 800; 4 950; 2
F3Ps 850; 2 950; 2
F4P3 900; 0 950; 2
Average 845.8; 2.5 891.7; 3

¥4 AA [mm], L3-8 (%]

H2Ed = w3 w4 9% F49] Ay gt A& 94 £x&=+ 17 3-16
¥ growv ABM 7|¥t mdylo] Ay wuwFEE ¥ 3-4 ¢ gl Ad Ax}, Aekd
el ABM RElnt HAog o AGIgk v AR F4 S Hol ANk ALt
A& 2w U A usith AEH o= v HARA ABM Rl H]3)] FEgh
s Holn, v w4 91X 4 7|eS F8 Hyd 7N SE¥UE JEs S
Az ol AAl FxE kel A& 7heds gl
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Research on Acoustic Emission Testing Method
Using Synthetic Signal Data and Deep Learning
Models

Acoustic Emission(AE) inspection technology is widely used to ensure the
safety and sustainability of various structures such as pipelines, bridges, aircraft,
and ships. However, existing AE inspection methods have limitations due to
performance restrictions based on environmental factors and the need for user
experience-based environmental variable adjustments. To overcome these
limitations, this study investigates a deep learning—based AE impulse signal
detection method using synthetic signal data, proposing a new approach that
addresses the issues with existing methods.

First, an AE synthetic signal data generation model that simulates various
environmental conditions was developed. This model generates synthetic data
considering the acoustic emission features that can occur under different
conditions, providing rich data for deep learning algorithm training. During the
training process of the deep learning—based AE impulse signal detection model,
various network structures and deep learning techniques were experimented.

In the stage of verifying the utility of the trained model by applying it to actual
pipeline inspections, the performance of the proposed method was evaluated in
comparison with existing static threshold based method and Acoustic Emission
Burst Monitoring(ABM) method. The proposed method demonstrated satisfactory
inspection performance and improved several issues that arose with existing
methods.

By utilizing deep learning algorithms, the dependence on environmental
variable adjustments was reduced due to the absence of parameters, allowing for
more accurate impulse signal detection in various environments. Furthermore, the
deep learning—-based method showed adaptive and stable performance even in
noisy environments compared to existing methods.

In conclusion, this study proposes a deep learning—based acoustic emission
impulse signal detection method using synthetic signal data, overcoming the
limitations of existing inspection methods and contributing to improving the safety
and sustainability of structures. This approach is expected to lay the groundwork
for the development and application of AE inspection technology in various fields.
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